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g the continental slope of the U.S. Atlantic margin are potential sources for
tsunamis along the U.S. East coast. The magnitude of potential tsunamis depends on the volume and location
of the landslides, and tsunami frequency depends on their recurrence interval. However, the size and
recurrence interval of submarine landslides along the U.S. Atlantic margin is poorly known. Well-studied
landslide-generated tsunamis in other parts of the world have been shown to be associated with
earthquakes. Because the size distribution and recurrence interval of earthquakes is generally better known
than those for submarine landslides, we propose here to estimate the size and recurrence interval of
submarine landslides from the size and recurrence interval of earthquakes in the near vicinity of the said
landslides. To do so, we calculate maximum expected landslide size for a given earthquake magnitude, use
recurrence interval of earthquakes to estimate recurrence interval of landslide, and assume a threshold
landslide size that can generate a destructive tsunami. The maximum expected landslide size for a given
earthquake magnitude is calculated in 3 ways: by slope stability analysis for catastrophic slope failure on the
Atlantic continental margin, by using land-based compilation of maximum observed distance from
earthquake to liquefaction, and by using land-based compilation of maximum observed area of
earthquake-induced landslides. We find that the calculated distances and failure areas from the slope
stability analysis is similar or slightly smaller than the maximum triggering distances and failure areas in
subaerial observations. The results from all three methods compare well with the slope failure observations
of the Mw=7.2, 1929 Grand Banks earthquake, the only historical tsunamigenic earthquake along the North
American Atlantic margin. The results further suggest that a Mw=7.5 earthquake (the largest expected
earthquake in the eastern U.S.) must be located offshore and within 100 km of the continental slope to induce
a catastrophic slope failure. Thus, a repeat of the 1755 Cape Anne and 1881 Charleston earthquakes are not
expected to cause landslides on the continental slope. The observed rate of seismicity offshore the U.S.
Atlantic coast is very low with the exception of New England, where some microseismicity is observed. An
extrapolation of annual strain rates from the Canadian Atlantic continental margin suggests that the New
England margin may experience the equivalent of a magnitude 7 earthquake on average every 600–3000 yr.
A minimum triggering earthquake magnitude of 5.5 is suggested for a sufficiently large submarine failure to
generate a devastating tsunami and only if the epicenter is located within the continental slope.

Published by Elsevier B.V.
1. Introduction
Recent tsunamigenic landslides (e.g., Papua New Guinea, Tappin
et al., 2001) and re-analysis of historical tsunamis (e.g., the 1918western
PuertoRico, Lopez et al., inpress) have contributed to the realization that
landslides can locally generate high-amplitude tsunamis. Along the
Atlantic margin, a landslide-generated tsunami in 1929 resulted in loss
of life and property along the Newfoundland coast (e.g., Piper and Aksu,
1987; Fine et al., 2005). The U.S. Atlantic coast is particularly vulnerable
to devastation from tsunamis because of the high density of population
.
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and infrastructure along its low-lying coastal areas and estuaries.
Seafloor observations show large landslide scars and debris fields on the
continental slope (e.g., Boothet al.,1993; Chaytor et al., 2007; Twichell et
al., submitted for publication). Evaluation of the spatial and temporal
distributions of submarine landslides should therefore help estimate the
probability of landslides; however, it is sometimes difficult to determine
whether each of the scars and debris fields represents single or
composite landslides (Twichell et al., submitted for publication), and
the ages of the slope failures are often not well-constrained (Lee,
submitted for publication). To overcome the paucity of knowledge about
the spatial and temporal distributions of landslides along the U.S.
continental slope, we propose here an indirect approach. The approach
is to derive relationships between the sizes of submarine landslides and
azard to the U.S. East Coast using relationships between submarine
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earthquakes and use published earthquake recurrence intervals to
estimate the maximum sizes of submarine landslides and their
recurrence. The minimum landslide size that can cause a devastating
tsunami can be estimated from tsunami runup models of selected
landslides of different sizes along themargin. While this approach does
not accurately provide the size of individual landslides, it provides an
upper bound to the landslide size and to the probability of recurrence of
tsunamigenic landslides. We focus here on the relationship between
earthquakes and submarine landslides, because, although other
triggering mechanisms have been proposed for submarine landslides
(e.g., gas hydrate dissociation, excess pore pressure, salt movement; see
Lee, submitted for publication), to date, observed landslide-generated
tsunamis have all been triggered by earthquakes.

Three methods to derive the relationship between submarine
landslides and earthquakes are presented. The first method, which is
introduced in Sections 2 and 3, is based on slope stability analysis. The
other two, which are introduced in Section 4, are based on subaerial
analogs. In Section 4 we compare between the three methods, and
compare the predictions based on these methods to the only historical
earthquake-generated landslide along the Atlantic coast, namely the
1929 Grand Banks. In Section 5, we estimate theminimum earthquake
magnitude that could cause a devastating tsunami (i.e., one that will
overtop a barrier island or a sand berm) resulting from a submarine
landslide. In Section 6, we extrapolate earthquake recurrence rates for
the Canadian margin to the U.S. margin, and define the region, where
earthquakes could induce large landslides. This approach may help
estimate the potential for landslide-generated tsunamis along the U.S.
Atlantic margin.

2. Slope stability

The first method to relate earthquake magnitude to the distance
from the ruptured fault to the submarine failure (henceforth, fault-to-
failure distance) and to the landslide area, is presented in the next two
sections. The method is based on calculating catastrophic slope failure
conditions due to horizontal acceleration by earthquakes. By cata-
strophic failurewemean a failure that causes downhill massmovement
of afinite distance. In engineering literature,finite distance is taken to be
at least 1 m (e.g., Newmark, 1965; Hynes-Griffin and Franklin, 1984),
which is assumed to be sufficient for continued downhill movement.

2.1. Methodology

We assume that earthquake-induced landslides, at least in soft
sediments, may occur when the shear stress τ on a slip surface
exceeds the undrained shear strength Su of the sediment (e.g.,
Morgenstern, 1967). This condition is expressed as

F ¼ Su=τV1 ð1Þ
where F is known as the Factor of Safety.

The downslope shear stress in a pseudo-static representation
consists of the downslope component of gravitational stress added to
a pseudo-static horizontal stress related to earthquake loading
(Morgenstern, 1967).

τ ¼ γVz sinβ cosβ þ kγz cos2 β ð2Þ
where γ' is the submerged (buoyant) unit weight in an infinite slope
with an angle β, k denotes the horizontal acceleration due to an
earthquake (as a fraction of the gravitational acceleration), z represents
the vertical thickness of the landslide, and γ is the unit total weight of
the slide.

Setting F=1 as the failure condition yields:

Su= γVzð Þ ¼ cosβ sinβ þ k γ=γVð Þ cos2 β: ð3Þ
Please cite this article as: ten Brink, U.S., et al., Assessment of tsunami h
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The ratio Su/(γ'z) is defined as the c/p ratio and can be measured in
the laboratory by subjecting samples to cyclic loading in triaxial tests
and observing their failure (e.g., Seed and Lee, 1966; Lee et al., 2000).
Rearranging Eq. (3), the critical acceleration, corresponding to the
earthquake acceleration ky at which the pseudo-static stress just
equals the shear strength, is:

ky ¼ c=pð Þ γV=γð Þ= cos2 β
� �

− γ′=γð Þ tanβ: ð4Þ

In other words, the peak earthquake acceleration has to be equal to
or exceed ky to overcome the shear strength of the sediment.

However, the failure condition will lead to a catastrophic slope
failure only if the shaking causes the slope to be displaced a finite
distance (Newmark, 1965). A catastrophic slope failure will be affected
not only by the pseudo-static condition (1), but also by the cyclic
nature of earthquake acceleration and its duration. During an
earthquake, the ground seldom experiences maximum acceleration
in the direction of slope failure. The resultant response may be non-
linear and dependent on a transient buildup of pore pressure
(Newmark, 1965), the magnitude of shaking (Makdisi and Seed,
1978) and on variations of shaking with depth (Cetin et al., 2004).
Model tests (Newmark, 1965; Makdisi and Seed, 1978) have shown
that the peak earthquake acceleration necessary to cause a cata-
strophic displacement must be much larger than the undrained shear
strength.

Empirical and hybrid empirical attenuation relationships for the
horizontal component of peak spectral acceleration (PSA) have been
derived using databases of hundreds of accelerograms (Abrahamson
and Silva, 1997, and references therein). For eastern North America,
these relationships take the general form of

lnY ¼ cþ f1 Mð Þ þ f2 M; rð Þ þ f3 rð Þ; ð5Þ

(Campbell, 2003).where Y is the 5% damped peak spectral
acceleration (PSA), M is the moment magnitude, r is the distance
from the fault to the site, c is a constant, and f is a function.

2.2. Selection of parameters

The c/p ratio was measured in samples from a 38 m deep hole at
water depth of 639 m on the Hudson Apron offshore New Jersey
(Locat et al., 2003). The c/p ratio decreases from 0.5 near the surface
to ≤0.2 at depths greater than 10 m, and is 0.15 at the base of the
hole (Locat et al., 2003). Based on a compilation of 106 landslides
along the U.S. Atlantic slope, the relationship between landslide
volume V and area A is found to be V=0.0163 A1.1 (Chaytor et al.,
submitted for publication), suggesting that the average landslide
thickness is ~16 m. Therefore, the slide plane depth is likely to be
greater than 10 m, justifying the use of c/p=0.2. The relatively low
value of c/p may indicate sediment overpressure or the presence of
aquifers, which were suggested for the New Jersey margin (Dugan
and Fleming, 2000). However, in the absence of direct measure-
ments of pore pressure and cyclic loading measurements of the
cored sediments, it is possible that the low c/p values represent
coring disturbance. We therefore also calculated the potential slope
failure with a more typical c/p value of 0.3. A soil density of 1600 kg/
m3 was measured in this hole (Locat et al., 2003), resulting in a
weight ratio, γ'/γ=0.375.

The ratio of the critical acceleration necessary to induce
catastrophic displacement (taken as 1 m) ky to the peak spectral
acceleration KPSA was calculated by a sliding block analysis for 348
horizontal-component records from earthquakes in California and
was found to be ky/KPSA=0.17 (Hynes-Griffin and Franklin, 1984). By
comparing observations of landslide scarps offshore California to peak
seismic acceleration from shake maps and equating a catastrophic
failure with a displacement of at least 1 m, Lee et al. (2000) derived a
ratio of ky/KPSA≤0.15. Similar empirical relationships have so far not
azard to the U.S. East Coast using relationships between submarine
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been derived for the U.S. Atlantic continental margin. We therefore
use ky/KPSA=0.15 in our calculations.

We calculate PSA using Campbell's (2003) hybrid empirical ground
motion attenuation relationships for hard rock in eastern North
America. In contrast to the western U.S., this attenuation model is not
completely empirical because of the paucity of large earthquakes in
the eastern North America. There is no previous guidance for the
choice of the fundamental period of shaking. For a soil layer with
constant velocity and density, the fundamental period T depends on
the layer thickness H, and the shear wave velocity Vs:

T ¼ 4H=Vs ð6Þ

(Dorby et al., 1976).
Shallow (b100 m) Pliocene and Quaternary marine sediments on

the New Jersey shelf have a shear wave velocity of 200–400 m/s
(Ewing et al., 1992), and the thickness of the sliding layer is typically
20–100 m. Hence, T may vary between 0.2 and 2.0 s, and we choose
T=~0.75 s as an average estimate.

The expected site amplification in shallow (top 30m) soft sediments
withVs=310m/s relative tohard rock sites (Vs=2800m/s) is≥3.5 (Boore
and Joyner, 1997). Hynes-Griffin and Franklin (1984) derived an
amplification factor of approximately 3. Consequently, we multiply the
calculated peak spectral acceleration by 3.5 to account for site
amplification.
Fig. 1. (a) Calculated maximum distance from a fault to sites where failure is expected, as a
were used: c/p=0.2, ky/KPSA=0.15, γ'/γ=0.375, and peak seismic acceleration (PSA) relationsh
maximum failure area as a function of slope angle and earthquake moment magnitude using
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3. Results of slope stability analysis

3.1. Maximum distance to failure

The calculated maximum distance rmax from a rupturing fault to
sites where submarine slope failure is expected is that distance at
which the modified peak spectral acceleration of the earthquake, kPSA,
is equal or smaller than the critical acceleration, necessary to cause
catastrophic displacement, ky,

0:15� 3:5� KPSA T¼0:75ð ÞVky: ð7Þ

This distance increases with seabed slope angle and earthquake
magnitude (Fig. 1a). The distance is larger for c/p=0.2 than for c/p=0.3
(compare Fig. 1a and c), but does not exceed 62 km for slopes ≤2°, and
102 km for slopes ≤6° even for an earthquake with a magnitude
Mw=7.5. Following Frankel et al. (1996) and Mazzotti and Adams
(2005), we used Mw=7.5 as the estimated largest expected event
along the U.S. Atlantic coast. Except along canyon walls and on the
flanks of seamounts, the lower continental slope and continental rise
have slopes b2° (Fig. 3).

Based on the results in Fig. 1a, an M7.5 earthquakes occurring
inland from the Atlantic coast are unlikely to cause sediment failure on
the continental slope because of the great distance (N100 km)
between them. Therefore, historical earthquakes such as the 1888
function of slope angle and earthquake moment magnitude. The following parameters
ip of Campbell (2003) for T=0.75 s. Vertical dashed lines mark 2° and 6° (b) Calculated
the same parameters as in (a). (c) Same as (a) with c/p=0.3. (d) Same as (b) with c/p=0.3.

azard to the U.S. East Coast using relationships between submarine
8.05.011

http://dx.doi.org/10.1016/j.margeo.2008.05.011


4 U.S. ten Brink et al. / Marine Geology xxx (2008) xxx–xxx

ARTICLE IN PRESS
Charleston and 1755 Cape Ann earthquakes (Fig. 2) would not have
caused a slope failure on the continental slope. The only exception
could be the area around Cape Hatteras where the shelf is 50 kmwide
(Fig. 2). An M7.5 earthquake located up to 102 km from the upper
slope could cause failure on slopes of 6°, but such high slope angles are
confined to only small portions of the continental margin (Fig. 3).
Failures on the more typical slopes of 2° require the epicenter to be
within 62 km of the shelf edge. An M6.5 earthquake could cause a
landslide only if located within 28 km of the continental slope of 2°
and within 42 km of a 6° slope and an M5.5 only if located within 7
and 14 km, respectively.
Fig. 2. Earthquake epicenters along the U.S. Atlantic coast from the NEIC catalog (http://ne
dots— earthquakes post-1973 catalog. Dashed lines — distances of 62 and 102 km from the t
stability analysis, for anM7.5 earthquake, to cause a catastrophic failure of the continental slo
to be located closer to the continental slope to cause catastrophic slope failures.

Please cite this article as: ten Brink, U.S., et al., Assessment of tsunami h
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Mosher et al. (1994) have arrived at a similar conclusion from their
geotechnical analysis of cores from landslides on the Scotian shelf,
namely, that an earthquake would have to be local to generate
sufficient ground acceleration for slope failure. Their calculated
distance to failure, however, was larger than derived here (40 km
for M5 and 100 km for M6.7; Mosher et al., 1994) probably because
catastrophic failure was not factored in their analysis.

Note that a finite distance to failure is predicted even on flat
ground β=0°. Sediment strength will decline with continued shaking,
but in the absence of a slope, the weakened sediments will not move
appreciably.
ic.usgs.gov/neis/epic/epic.html). Blue dots — earthquakes between 1534 and 1973. Red
op of the continental slope. These are the maximum predicted distances based on slope
pe with slope angles of 2° and 6°, respectively. Smaller magnitude earthquakes will have

azard to the U.S. East Coast using relationships between submarine
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Fig. 3. Slope angle of the U.S. Atlantic continental margin and overlays of interpreted slope failures (Twichell et al., submitted for publication).

Fig. 4. (a) Schematic diagram showing the geometry of a slope failure, including fault
length L, maximum distance from fault to failure rmax, and maximum failure area
(dashed line). (b) Schematic diagram of the continental margin. Heavy lines — different
fault orientations with dashed lines enclosing their associated maximum failure areas.
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3.2. Maximum slope failure area

The maximum slope failure area AL can be calculated by assuming
that the area is defined by the maximum distance to failure, rmax.
Hence, the maximum failure area is a rectangle containing the fault
trace, whose length is the fault length L and whose half-width is rmax,
plus two half circles with a radius rmax at either end of the fault
(Fig. 4a), as given by:

AL ¼ πr 2
max þ L�2rmax: ð8Þ

The fault length as a function of magnitude is given by the
empirical relationship

log Lð Þ ¼ −2:44þ 0:59M ð9Þ
(Wells and Coppersmith, 1994).

The maximum failure area reaches 24,100 km2 for slope angles b2°
and M=7.5 (Fig. 1b). The maximum slope failure area refers to an
“ideal” position of a fault within the slope area and parallel to its
strike, inwhich case the fault lengths L in Eqs. (8) and (9) are the same.
The expected failure area will be smaller if the fault is not parallel to
the margin and/or if the fault is located on the shelf or in the abyssal
plain (Fig. 4b). Note that we assume no catastrophic failure on the
shelf, where the slope is ~0°.

Slope angles N2° along the Atlantic coast of the U.S. are generally
limited to a b30 km wide zone of the upper slope as well as some
submarine canyons (Fig. 3). Hence, failure area will likely deviate from
the simple shape in Eq. (8), such that a longer portion of the steep
upper slope will fail during an earthquake, compared to the lower
slope (Fig. 4b). The maximum total failure area will therefore be
slightly larger than that for a 2° slope. For example, for an M7.2
Please cite this article as: ten Brink, U.S., et al., Assessment of tsunami h
landslides and earthquakes, Mar. Geol. (2008), doi:10.1016/j.margeo.200
earthquake, the total area will be about 15,900 km2 instead of
14,200 km2 due to the added contribution of the upper slope. The
maximum observed landslide area along the Atlantic margin is
15,240 km2 and is located off southern New England (Twichell et al.,
submitted for publication).

3.3. Comparison with the 1929 Grand Banks landslide

The modeling results can be compared with observations of the
1929 Grand Banks landslide, that caused the only historical tsunami
along the Atlantic margin of North America. On the basis of the area
encompassing the instantaneous breaks of communication cables
along the sea floor during the earthquake, Piper et al. (1985) and
Mosher and Piper (2007) estimated the region where at least 10% of
the sea floor failed to be 22,700 km2. Using side-scan sonar they
estimated the region where 100% of the sea floor failed to be
7200 km2. Piper and Aksu (1987) and Piper et al. (1999) estimated the
azard to the U.S. East Coast using relationships between submarine
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Fig. 5. (a) Comparison between three methods to derive relationship between
earthquakes and submarine landslides. Two parameters are compared as a function
of earthquakemagnitude: (a) maximum distance to slope failure from fault rupture, and
(b) maximum area of slope failure. Methods to derive maximum area of slope failure are
compared to the observed 1929 Grand Banks landslide, with the uncertainty in area and
magnitude shown as a dashed rectangle. Solid curves were calculated by the slope
stability analysis method for seabed slopes of 2° and 6° with the PSA relationships of
Campbell (2003) (C2° and C6°) and Tavakoli and Pezeshk (2005) (TP2° and TP6°).
Dashed curves are empirical relationships of maximum distance to liquefaction on land,
A (Ambraseys, 1988), and observed maximum failure area on land, K (Keefer, 1984) and
R (Rodriguez et al., 1999). Also shown in (b) is a curve (marked A) of the expected
maximum failure area using Ambraseys' (1988) empirical relationship for maximum
distance to liquefaction. Inset shows enlargement of maximum failure area as a function
of earthquake magnitude for lowmagnitudes. Horizontal dashed lines in inset mark the
areas of two submarine slides within the Currituck slide complex, the larger area is
expected to cause a destructive tsunami and the smaller one is not. See text for further
explanations.
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average failure thickness as 20 m and the volume of failed material to
be N150 km3. McCall et al. (2005) estimated the total volume of failed
material in the area of 100% seafloor failure to be 93.5 km3. Hughes
Clarke et al. (1990) pointed out that a small volume of debris flow
(b15 km3) appears to post-date the turbidity flow, and could have
been triggered by aftershocks.

The Mw=7.2±0.3 1929 Grand Banks earthquake was located in the
middle of the steep upper slope (Bent, 1995). For a 2° average slope
and c/p ratio of 0.2, the predicted area of the entire possible
failure region from an M7.2 earthquake, is 14,200 km2 (Fig. 1b).
With a 30-km-wide steeper (6°) upper slope replacing part of the
predicted failure area of a 2° slope, the total predicted maximum
failure is 15,900 km2. This value is similar to the observed slide failure
area associated with the 1929 earthquake within the uncertainties of
the model parameters, the earthquake magnitude and the observa-
tions of the failure area. (For example, the predicted area from M7.5
earthquake is 24,100 km2; Fig. 5b). The ~30 km wide upper slope is
steeper (~6°), hence a longer part of the upper slope is expected to fail
along strike compared to the less steep lower slope (Fig. 4b). The
region with 100% failure indeed extends along 210 km of the upper
slope, whereas the length of lower slope failure is half of that (Mosher
and Piper, 2007). The area with at least 10% sea floor failure has a
maximum failure length of 245 km in the upper slope and is also
narrower on the lower slope (Piper et al., 1985; Mosher and Piper,
2007). The calculated length of upper slope failure forM7.2 is 200 km,
which is within the observed estimates.

3.4. Additional notes

The choice of attenuation relationship also affects the prediction of
seismic acceleration. Using different attenuation relationships for
eastern North America (Tavakoli and Pezeshk, 2005), the predicted
distance to failure and slope failure area are slightly larger than those
predicted by Campbell's (2003) relationships (Fig. 5). The difference
becomes considerably larger for large magnitude earthquakes (M7),
because of changes in the functional relationship of Tavakoli and
Pezeshk (2005) at distances of 70 and 130 km.

Predictions of landslide susceptibility were made for two regions
offshore California by coupling slope stability analysis with the
predicted peak seismic acceleration (Lee et al., 2000). Published
maps of peak seismic acceleration with 10% probability of excee-
dance in the next 50 yr were used to estimate the peak ground
acceleration along the margin (Lee et al., 2000). The California
continental slope is generally much closer to land than the Atlantic
continental slope of the U.S., and the frequency of earthquakes is
much higher; therefore the use of such maps is justified there. Peak
acceleration maps of the U.S. Atlantic coast (Fig. 12 of Frankel et al.,
1996) do not extend into the continental margin and are heavily
skewed at the 50-year exposure time toward the two large historical
earthquakes in the U.S. East Coast— Cape Ann (1755) and Charleston
(1888). Hence, we had to infer the seismic acceleration directly from
the maximum magnitude (Mmax) of hypothetical earthquakes, with
the intention of calculating the probability of occurrence of earth-
quakes of certain magnitude along the margin in the future. At
present, however, microseismicity monitoring along the continental
margin (≤M3.5) is incomplete due to the lack of dense instrument
coverage, the large distance from shore, and the relatively short
measurement period in comparison to rates of seismic moment
release.

4. Other methods — Using land-based empirical relationships

Empirical estimates of landslide effects due to earthquakes have
been carried out on land, where these effects can be easily observed
and surveyed (Keefer, 1984; Ambraseys, 1988; Rodriguez et al., 1999;
Keefer, 2002), and references therein). Ambraseys (1988) proposed a
Please cite this article as: ten Brink, U.S., et al., Assessment of tsunami h
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curve that bounds the maximum distances from the fault rupture to
liquefaction sites, which we call the maximum liquefaction distance
rliq:

Mw ¼ 0:18þ 9:2�10−8rliq þ 0:9 log rliq
� �

: ð10Þ

Liquefaction on land is indicative of catastrophic soil failure in the
absence of a topographic slope and in the presence of a water table
close to the surface. Hence, these observations can probably be
compared to the distance of failure of submarine sediments from the
triggering fault, predicted by slope stability analysis, because of the
generally low submarine slopes (Fig. 5a). The maximum observed
liquefaction distance falls within the predicted distance from slope
azard to the U.S. East Coast using relationships between submarine
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stability analysis for slopes between 2° and 6° and c/p=0.2, but
is higher than the predicted distance from slope stability analysis for
c/p=0.3 (Fig. 5a).

Based on post-earthquake observations, Keefer (1984) and Rodri-
guez et al. (1999) defined an upper bound curve for the total area in
which earthquake-triggered landslides occur (Fig. 5b). Their compila-
tions of landslide areas do not differentiate between different slope
angles or landslide types, such as rock falls, disrupted and coherent
rock slides, soil spreads, and flows. As with maximum distance to
failure, the area calculated from slope stability analysis for slopes
between 2° and 6° is similar to or slightly less than Keefer (1984) and
Rodriguez et al. (1999) curves. An expected maximum failure area can
also be calculated by combining themaximumobserved distance from
the fault rliq to liquefaction (cf. Eq. (10), Ambraseys, 1988) and Eq. (9).
The expected maximum failure area from the maximum distance to
liquefaction (A in Fig. 5b) appears to be similar to the observed
maximum landslide area by Rodriguez et al. (1999, R in Fig. 5b).

The maximum subaerial failure area resulting from an M7.2
earthquake is between 21,000 km2 (when using Keefer, 1984,
relationship) and 36,000 km2 (when using Rodriguez et al., 1999,
relationship), and themaximum area using the liquefaction distance is
33,800 km2. These estimates are within, or larger than, observed
failure area of the 1929 Grand Banks landslide (Mw=7.2±0.3,
area=7200–22,700 km2, Fig. 5b).

At present, it is unclearwhether the use of slope stability analysis or
the subaerial observations is the more valid method for estimating the
relationship between earthquakes and submarine landslides. The
empirical relationships of Ambraseys (1988), Keefer (1984), and
Rodriguez et al. (1999) are based on observations from around the
world, with variable drainage conditions, slope direction and angle,
and lithology within a single affected area, whereas the slope stability
analysis uses a specific attenuation relationship for the U.S. East Coast,
a monotonous and fairly low slope, and observed geotechnical
parameters for the Atlantic continental slope. However, the PSA may
not account for the duration of shaking, which increases with
magnitude. In addition, the ratio of the peak spectral acceleration
KPSA to the acceleration ky necessary to induce catastrophic displace-
ment (taken as 1 m) was assumed here to be constant (Hynes-Griffin
and Franklin, 1984), but it may in fact increase with magnitude
(Makdisi and Seed,1978). Oneway to explicitly account for the increase
in the duration of shaking is by using Arias intensity instead of PSA. The
Arias intensity is the integral of the acceleration–time history
(Travasarou et al., 2003, and references therein). However, an Arias
intensity relationship for the eastern U.S. has not yet been developed.

5. Magnitude threshold for devastating tsunamis

The morphology of the U.S. East Coast is variable with many
coastlines having sand berms or barrier islands. Detailed LIDAR
elevation maps of the coast stretching from North Carolina to
southern Florida show that elevations typically vary from 2–8 m
above the NAVD88 88 reference level (Elko et al., 2002). The NAVD88
reference level is on average 0.5–1.25 m below the mean highest high
water level (Weber et al., 2005) hence this amount has to be
subtracted from the dune height in a worst-case scenario. Similar
detailed information of dune height or of a maximum elevation close
to shore is lacking north of North Carolina. Hydrodynamic modeling
shows that a tsunami can overtop a sand dune or barrier island even if
the tsunami's wave amplitude is lower than the sand dune elevation
(Geist et al., 2008-this volume, their Fig. 12) because of the large
wavelength of the tsunami relative to that of the sand dune. Tsunami
wave amplitude from the 1929 Grand Banks tsunami was estimated at
3–8 and themaximum runupwas 13m (Fine et al., 2005). Recognizing
that dune elevation is highly variable in space, we assume in this
analysis a tsunami with wave height of 2 m offshore, as one that can
overtopmany of the dunes and can therefore be potentially damaging.
Please cite this article as: ten Brink, U.S., et al., Assessment of tsunami h
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The maximum calculated area of slope failure is sufficiently large
for earthquakes magnitudes greater than M=5.5–6 to cause a
devastating tsunami (inset in Fig. 5) if the epicenter is optimally
located at the base of the upper slope and if the entire area indeed
fails. This estimate is based on the calculated wave amplitude at 22 m
water depth from hydrodynamic modeling of the Currituck slide
offshore Virginia (Geist et al., 2008-this volume). The modeling
suggests that, for the particular characteristics of the Currituck region
and for a near-shore bottom friction of 0.25–1×10−2, a failure area of
300 km2 would generate a wave amplitude of 1.6–2.4 m, which is
probably not enough to cause a devastating tsunami, but a failure area
of 1240 km2 would generate a wave amplitude of 2–4.5 m, which
could overtop the sand berms (inset in Fig. 5; Geist et al., 2008-this
volume). A larger earthquake magnitude may be necessary to cause a
devastating tsunami from a submarine landslide along the southern
New England margin, because the shelf there is twice as wide as the
80-km-wide Currituck shelf. The amplitude of tsunami waves is
expected to decay as they travel over the shelf because of bottom
friction and dispersion, the latter caused by the long propagation time
across the shallow shelf. At present, there are no hydrodynamic
models for this region.

6. Probability of earthquake recurrence

Analysis of the rates of deformation in eastern Canada (Mazzotti
and Adams, 2005) suggests that the continental slope of eastern
Canada from the Arctic to Georges Bank is associated with a relatively
high average annual seismic moment release (2–10×1017 N M/yr) for
an intraplate setting. The annual moment release is the equivalent of
an Mw7 earthquake occurring somewhere along this ~6000 km long
margin every 40 –200 yr. The source of the seismicity is unclear but
some workers have suggested that seismicity is due to glacial
unloading of the Laurentide ice sheet (Mazzotti and Adams, 2005,
and references therein). Seismicity offshore the U.S. Atlantic coast is
mostly concentrated offshore New England (Fig. 3), the only sector to
have undergone glacial unloading. It is possible therefore that
the same seismic regime present on the eastern Canadian
margin extends from the Canadian continental slope south along
the 400-km-long New England margin. Using Canadian seismicity as
a guide and assuming equal probability for the spatial distribution of
earthquakes (e.g., Swafford and Stein, 2007), the rate of seismic
moment release along the New England margin is 1/15 that of the
Canadian estimate, which is equivalent to an M=7.0 earthquake
occurring every 600–3000 yr. However, the frequency of submarine
landslide-induced destructive tsunamis is likely smaller than this
because of additional conditions such as optimally located epicenter
within the vulnerable area, catastrophic failure of much of the
vulnerable area, and rapid slide movement, that are necessary to
generate a destructive tsunami.

South of the New England margin, the seismicity rate appears
lower than to the north (Fig. 2). Nevertheless, possible faults have
been identified on the slope south of the Cape Fear area (Hornbach
et al., 2007) and south of the Currituck slide (Locat et al., submitted for
publication). These faults may be related to salt movement at depth
and may be associated with the slides (Hornbach et al., 2007). The
recurrence interval on these faults is unknown.

7. Conclusions

It is clear from the analysis above that there are large uncertainties
in estimating tsunami probability with this approach. These uncer-
tainties are attributed to the choice of the spectral acceleration period,
the amplification due to soft sediments, the choice of c/p, sediment
thickness, the presence of overpressured or liquefiable sediments, and
the recurrence interval of seismicity. Likewise, the applicability of
land-based empirical relationship of heterogeneous lithologies and
azard to the U.S. East Coast using relationships between submarine
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slopes to submarine slopes has not been established. Nevertheless, the
fit of the predictions of landslide area frommagnitudes of earthquakes
for all three methods to the observed area of the 1929 Grand Banks
landslide is encouraging, keeping inmind that this is a single example,
and the total area of the Grand Banks slide is still not well-constrained.
With these uncertainties in mind, we can reach several conclusions:

(a) Slope stability analysis suggests that the upper slope of the
continental margin (slope angle ≤6°) will be affected by
earthquakes with magnitudes of 5.5, 6.5, and 7.5, only if the
earthquakes occur at distances less than 14, 42, and 102 km
from the upper slope, respectively. For the lower, more
shallowly dipping slope (≤2°), the distances are much smaller
(i.e., 7, 28, and 62 km, respectively). These distances represent
maximum distances and will be smaller if c/p=0.3 is assumed
in the analysis. This analysis suggests that, with the exception of
Cape Hatteras, only offshore earthquakes may be able to trigger
submarine landslide-generated tsunamis.

(b) The maximum calculated area of slope failure is sufficiently
large for earthquakes with magnitude greater than M5.5 to
cause a devastating tsunami if the epicenter is optimally located
at the base of the upper slope and if the entire area indeed fails.

(c) Based on extrapolation of results from the Canadianmargin, the
rate of release of seismic moment along the New England
margin is estimated to be equivalent to an M7.0 earthquake
occurring every 600–3000 yr. If these earthquakes are located
at the base of the upper slope so as tomaximize the failure area,
or if slope sediments are overpressured, the resultant landslide
area (and volume) will be sufficient to cause a destructive
tsunami. The paucity of earthquakes south of the New England
margin suggest that landslides there are either less frequent or
they are generated by other mechanisms.

(d) Slope stability analysis predicts similar or smaller maximum
distance from fault to failure and maximum failure area than
compilations of subaerial landslides and liquefactions. Both
predictions from slope stability analysis and the extrapolation
from land compilations fit the observations of the 1929 Grand
Banks event, but other events are needed to validate these
methods.

In summary, mapping entire continental margins and determining
the age of submarine landslides is difficult and costly. We present here
an approach to estimate the maximum size and recurrence interval of
potentially-tsunamigenic submarine landslides from the size and
recurrence interval of earthquakes in the near vicinity of the said
landslides. We also suggest that the minimum landslide size that will
cause a devastating tsunami can be estimated from tsunami runup
models of selected landslides of different sizes. This information can
help in the design of infrastructure facilities towithstand the effects of
tsunamis. A successful implementation of this approach may require
improvement in the seismic monitoring of continental margins.
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